Alkali-salinity exerts severe osmotic, ionic and high-pH stresses to plants. To understand the 6 5 alkali-salinity responsive mechanisms underlying photosynthetic modulation and reactive 6 6 oxygen species (ROS) homeostasis, physiological and diverse quantitative proteomics 6 7 analyses of alkaligrass (Puccinellia tenuiflora) under Na 2 CO 3 stress were conducted. In 6 8 addition, Western blot, real-time PCR, and transgenic techniques were applied to validate the 6 9 proteomic results and test the functions of the Na 2 CO 3 -responsive proteins. A total of 104 and 7 0 102 Na 2 CO 3 -responsive proteins were identified in leaves and chloroplasts, respectively. In 7 1 addition, 84 Na 2 CO 3 -responsive phosphoproteins were identified, including 56 new 7 2 phosphorylation sites in 56 phosphoproteins from chloroplasts, which are crucial for the 7 3 regulation of photosynthesis, ion transport, signal transduction and energy homeostasis. A 7 4 full-length PtFBA encoding an alkaligrass chloroplastic fructose-bisphosphate aldolase (FBA) 7 5 was overexpressed in wild-type cells of cyanobacterium Synechocystis sp. Strain PCC 6803, 7 6
Introduction 8 5
Soil salinization and alkalization frequently occur simultaneously. In northeast China, more 8 6 than 70% of the land area has become alkaline grassland [1] . Alkali-salinity is one of the 1 0 2 membrane trafficking were modulated in chloroplasts in response to NaCl stress. However, characterized [5] , which are insufficient to address the sophisticated salinity-responsive 1 0 5 networks in chloroplasts. Additionally, NaCl stress altered phosphorylation levels of several 1 0 6
chloroplast proteins in Arabidopsis [19, 20] , Brachypodium distachyon [21] and sugar beet 1 0 7
(Beta vulgaris) [22] , implying that state transition, PSII damage repair, thermal dissipation, 1 0 8
and thylakoid membrane organization were crucial for plant acclimation to salt stress [23] .
1 0 9
However, the critical roles of reversible protein phosphorylation in salinity-/alkali-responsive 1 1 0 metabolic networks are virtually unknown. Alkaligrass (Puccinellia tenuiflora) is a monocotyledonous halophyte species belonging 1 1 2 to the Gramineae, and is widely distributed in the Songnen Plain in Northeastern China. It has 1 1 3 strong ability to survive in extreme saline-alkali soil (pH range of 9-10). Several salinity-1 1 4 /alkali-responsive genes and/or proteins in leaves and roots of alkaligrass have been reported 1 1 5 [24−26] . A previous transcriptomic study also revealed that a number of Na 2 CO 3 responsive 1 1 6 genes were overrepresented in metabolism, signal transduction, transcription, and cell rescue 1 1 7 [27] . Despite this progress, the precise alkali-responsive mechanisms in chloroplasts are still 1 1 8 poorly understood. Analyses of the photosynthetic and ROS scavenging mechanisms in 1 1 9
Results 1 3 0 Na 2 CO 3 treatment decreased seedling growth and biomass 1 3 1 Na 2 CO 3 treatment clearly affected the morphology and biomass of alkaligrass seedlings. The 1 3 2 leaves withered with the increase of Na 2 CO 3 concentration and treatment time ( Figure S1 ). The shoot length and relative water content decreased significantly at 200 mM Na 2 CO 3 of 24 1 3 4 h after treatment (24 HAT200) ( Figure 1A) . The fresh and dry weights of leaves also clearly 1 3 5 decreased under 200 mM Na 2 CO 3 ( Figure 1B) . Na 2 CO 3 treatment perturbed the ion and pH homeostasis in leaves. Na + in leaves was 1 4 0 gradually accumulated, but K + content did not show obvious changes, resulting in the sharp 1 4 1 decline of the K + /Na + ratio ( Figure 1C, D) . In addition, the Mg 2+ and Ca 2+ contents gradually 1 4 2 decreased under the Na 2 CO 3 treatment ( Figure 1E ). Malondialdehyde content and relative 1 4 3 electrolyte leakage significantly increased under different Na 2 CO 3 treatments, indicating that 1 4 4 the membrane integrity was affected by Na 2 CO 3 treatment ( Figure 1F ). In addition, proline In seedlings, net photosynthetic rate, stomatal conductance, and transpiration rate (Figure 2A , 1 5 2 B) gradually decreased, while the intercellular CO 2 concentration did not exhibit obvious 1 5 3 changes under the Na 2 CO 3 ( Figure 2B ). To evaluate the photosynthetic performance, we investigated the changes of Chl (PsbL) and TL29 also participate in the assembly of the PSII complex [54, 55] . The 3 9 7 phosphorylation of PsbL was induced and the phosphorylation of TL29 was inhibited in 3 9 8 response to Na 2 CO 3 ( Figure S8E ). Although the phosphorylation of PsbL was also reported 3 9 9
in Arabidopsis [23] , their regulatory mechanisms are not known. In contrast to PSII, PSI drew little attention due to difficulties in accurately measuring its 4 0 4
activity [56] . The abundance changes of several PSI proteins (e.g. Lhca1 and Lhca5) and light absorption through the antenna modulation to prevent PSI damage ( Figure S8C ) [25] . The STN7-regulated phosphorylation of Lhca4 was also induced in Arabidopsis when the In this study, these proteins were significantly accumulated, and the phosphorylation of PsaD, 4 2 0
PsaE, and PsaH were also enhanced at 24 HAT of Na 2 CO 3 ( Figure S8C ), although only PsaH The gene expression and protein abundance of different subunits of ATP synthase were 4 2 9 altered by Na 2 CO 3 stress in alkaligrass ( Figure S6 ) and other plant species [4] . The activity of Ser445) in alkaligrass at 24 HAT ( Figure S8C ). This implies that the stability and rotation of 4 3 6 F1 head of ATP synthase are modulated for the dynamic regulation of its activity to cope with 4 3 7 alkali stress. ROS scavenging pathways in chloroplasts were inhibited, except for the APX pathway and and other subcellular locations in leaves to cope with the short-term Na 2 CO 3 stress (12 h).
9
While under long-term NaCl or Na 2 CO 3 stress (7 d), the pathways of SOD, POD, and CAT chloroplasts, and increased in leaves at 24 HAT ( Figure 4 ). Furthermore, Na 2 CO 3 also are involved in GSH/GSSG balance ( Figure S8F ). All these imply that the AsA-GSH cycle is 4 5 7 inhibited in chloroplasts, but enhanced in other organelles and cytoplasm of leaf cells to cope with the alkali stress. In addition, a chloroplast-localized activator of bc1 complex kinase Additionally, the atlas of Na 2 CO 3 -responsive proteins indicated that modulation of Chl 1 5 synthesis ( Figure S8G ), chloroplast movement and stability ( Figure S8H ) were critical for 4 6 5
alkali adaptation, and ABA-dependent alkali-responsive pathways were employed to regulate 4 6 6 both nuclear and chloroplastic gene expression and protein processes for osmoprotectant 4 6 7 synthesis and signaling pathways in alkaligrass ( Figure S8I and J). Although NaCl-responsive mechanisms have been well-studied in various halophytes using approaches, which revealed several crucial Na 2 CO 3 -responsive pathways in halophyte 4 7 5 chloroplasts ( Figure S8 ). Our study showed that maintenance of energy balance between PSII pathways in chloroplasts to cope with the Na 2 CO 3 stress. Some of these Na 2 CO 3 -responsive Seedlings were treated with 0 mM, 150 mM, and 200 mM Na 2 CO 3 (pH 11) for 12 h and 24 h, respectively ( Figure S7 ). After treatment, leaves were harvested, either used immediately or immediately measured. Dry weight, relative water content, as well as ion contents of K + , Na + , 1 6
Membrane integrity, osmolytes, and ABA analysis 4 9 8
The malondialdehyde content and relative electrolyte leakage were determined using 4 9 9
previous methods [68, 69] . Free proline and total soluble sugar contents were quantified with 5 0 0 a spectrometer at 520 nm and 630 nm, respectively [26] . The content of endogenous ABA 5 0 1
was measured by an indirect ELISA method [70] . Photosynthesis and Chl fluorescence parameters were measured using previous methods 5 0 5
[25,69]. Net photosynthetic rate, stomatal conductance, and transpiration rate were 5 0 6 determined at 10:00 a.m. using a portable photosynthesis system LI-COR 6400 (LI-COR Inc., Lincoln, Nebraska, USA). Chl fluorescence parameters were recorded using a pulse- Germany) and an emitter-detector-cuvette assembly with a unit 101ED (ED-101US). For the 5 1 0 rapid fluorescence induction kinetics analysis, the OJIP were measured at room temperature The O 2 generation rate and H 2 O 2 content were measured according to Zhao et al. [26] .
1 9
Reduced AsA, total AsA, GSSG, and total GSH contents were determined according to 5 2 0 methods of Law et al. [73] . The activities of SOD, POD, CAT, APX, GR, and GST were 5 2 1 measured as previously described [25, 26] . The activities of MDHAR, DHAR, and GPX were Chloroplast isolation, protein extraction and purity assessment 5 2 5
Intact chloroplasts were isolated according to Ni et al. [74] , and the chloroplast protein for antibodies against marker proteins and protein loading amounts were listed in Table S13 . The protein samples were extracted, fractioned, lyophilized, and resuspended for MS/MS under accession number PXD005455. After digestion, the chloroplast peptide samples of control, 24 HAT150, and 24 HAT200 were [28] Nishiyama Y, Murata N. Revised scheme for the mechanism of photoinhibition and its 7 2 0 application to enhance the abiotic stress tolerance of the photosynthetic machinery. Appl dehydrogenase essential for cyclic electron transport in Synechocystis sp. strain PCC 6803. The values were determined after plants were treated with 0, 150 and 200 mM Na 2 CO 3 for 12 9 0 0 and 24 h, and were presented as means ± standard deviation (n ≥ 3). The asterisks indicate 9 0 1 significant differences (*, P < 0.05; **, P < 0.01). focusing in the first dimension, followed by 12.5% SDS-PAGE gels in the second dimension. Table S11 . The scale bar indicates log (base 2) transformed protein abundance, enzyme activity, and 1 0 5 6 substrate content ratios (compared with 0 mM Na 2 CO 3 treatment). The ratio was ranging 1 0 5 7 from -3.0 to 3.0 with 7 different colors from green to red. P in a red (increased in 1 0 5 8 phosphorylation level), green (decreased in phosphorylation level), and blue (can be 1 0 5 9 phosphorylated by other protein, but did not identified in our phosphoproteomic study) circle PPIase, peptidyl-prolyl cis-trans isomerase CYP20-2 domain; PPOX, protoporphyrinogen (31) 19 (19) 7 (6) 13 (11) 29 (29) Phosphosites 100  150  200  250  300  350  400  450  500  550  600  650  700  750  800  850  900  950  1000  1050  1100  1150 
